Objectives-The Doppler assessment of the middle cerebral artery (MCA) has a central role in the monitoring of high-risk pregnancies. The objective of this study was to investigate the importance of Doppler preset settings for measurement of the peak systolic velocity (PSV) and pulsatility index (PI) of the MCA.
D
oppler ultrasound imaging of the middle cerebral artery (MCA) plays an important role in the prenatal assessment of the fetal circulation. With the use of the pulsatility index (PI) and peak systolic velocity (PSV), conclusions can be made with regard to the condition of the fetal circulatory system. The assessment of the MCA is of great clinical value in the care of high-risk pregnancies with fetuses who have anemia, intrauterine growth restriction (IUGR), and twin-twin transfusion syndrome, for example. [1] [2] [3] [4] [5] [6] In technical terms, it is important that the angle between the ultrasonic signal and the direction of blood flow is close to 0 8 because the Doppler-based measurement of the PSV of the MCA is angle dependent. 5 In addition, it is recommended that the Doppler measurement window is placed directly behind the branching of the MCA from the arterial circle of Willis, as the measurement in the distal portion of the MCA results in higher PI values 7 and lower PSV values. 8 Current guidelines contain recommendations on the optimal Doppler technique for MCA measurement. The following aspects should be considered with MCA measurement: measuring angle, transducer position, B-image optimization with use of the zoom function, Doppler pulse repetition frequency, and measurement without pressure on the fetal head. 9, 10 The maximum of the MCA Doppler curve corresponds to the PSV value and is therefore dependent on the temporal resolution of the Doppler study. Modern ultrasound technology enables examination of the MCA with high temporal resolution. In addition to the technical measurement specifications mentioned above, optimization of the frame rate (FR) is achievable by changing the Doppler preset settings to a narrow scanning range, a high-definition zoom, and a narrow color Doppler sample box. To our knowledge, the importance of a high FR for MCA measurement has not previously been investigated.
This study pursued 2 main objectives: first, to assess the differences between the PSV and PI measurements of the MCA in the standard Doppler preset setting and in a Doppler preset setting that was optimized with respect to the FR. The second objective was to compare the PSV and PI measurements of both settings to common reference values from the literature.
Materials and Methods
Analyses were conducted on prospectively and randomly selected healthy fetuses with a gestational age between 19 and 42 weeks in patients presenting for a routine scan at the Department of Obstetrics and Prenatal Medicine, University Hospital of M€ unster. The study was approved by the Institutional Review Board, and the measurements were performed after maternal consent was acquired. The study was conducted according to the recommendations of the Declaration of Helsinki.
Exclusion criteria for the study were a maternal age of younger than 18 years, multiple pregnancies, abnormal pregnancies (eg, fetuses with malformations or chromosomal defects, premature rupture of membranes, and IUGR), and related maternal diseases (eg, infection and rhesus incompatibility).
Doppler Studies
The technical implementation of Doppler imaging was compatible with the methods applicable as standard in clinical practice. 11 Doppler imaging of the MCA was performed with iU22 and EPIQ7 ultrasound systems (Philips Healthcare, Andover, MA). The same preset was selected in all of the cases as a default device setting. The ultrasound studies were performed by 3 specialists in prenatal medicine. The study data were stored in a database (ViewPoint; GE Healthcare, Wessling, Germany). The ultrasound transducer was placed on the fonticuli sphenoid and os mastoid to display the head of the fetus in a horizontal section. The MCA was presented in its natural course by tilting the transducer toward the cranial base of the skull. It was taken into account that the angle between the direction of blood flow and the transducer should be adjusted to 0 8 or as close as possible. To minimize influencing factors, angle correction was applied, and the measurements were performed without external pressure to the maternal abdomen and in absence of fetal movement or maternal breathing excursions. 12, 13 In addition, the measurement was conducted at the proximal part of the artery and thus as close as possible to its origin in the arterial circle of Willis. 14 We obtained at least 3 waveforms in each patient. The PSV and PI were automatically calculated by the ultrasound system using the Doppler envelope curve of the waveform with the highest PSV (High Q automatic Doppler analysis; Philips Healthcare; Figure 1 ). The Doppler image was then stored in the database, and the measurement was referred to as MCA.S. This Doppler setting for measuring the MCA met the regulations established as applicable standard in the literature. 9, 10 Subsequently, a second Doppler examination of MCA was performed by the same examiner using an optimized equipment setting (MCA.O). In this measurement, the scan range was set as narrowly as possible, and high-definition zoom was used to present the entire course of the MCA as magnified as possible. Thereafter, a narrow color Doppler box was selected for visualization of the MCA. The following measurement of the Doppler parameters was performed in analogy to the MCA.S measurement. The Doppler image was also stored in the database (Figure 2) .
The following parameters of MCA.S and MCA.O measurements were stored for further analysis: PI, PSV, FR, angle, body mass index (BMI), and week of gestation at the ultrasound examination. Furthermore, the presentation of a breech position was recorded, which regularly enables a Doppler measurement in a closer scanning field compared to a head presentation.
Statistical Analysis
All statistical computations were done with R version 3.3.1 software (R Foundation for Statistical Computing, Vienna, Austria). Descriptive statistical analyses were conducted by common measures such as quantiles and relative frequencies. Inferential statistics were intended to be exploratory, not confirmatory, and a global level of significance was not controlled, which is why small P values were considered noticeable instead of significant.
To demonstrate that the standard and optimized Doppler preset settings led to different PSV and PI measurements, the patients' intraindividual differences between the PSV and PI values in the standard setting (PSV.S and PI.S) and in the optimized setting (PSV.O and PI.O) were computed: ie, (PSV.O -PSV.S) and (PI.O -PI.S). Likewise, the intraindividual differences between the PSV and PI values in the standard and optimized settings and the respective reference values from the literature were computed. All of these differences were displayed in box plots, and the 1-sample Wilcoxon test was applied to test whether these differences were systematically different from 0.
Scatterplots were drawn to depict PSV and PI values for the standard and optimized settings during the course of pregnancy, and quantile regression was performed to acquire a graphic representation of the median PSV and PI conditional on the week of gestation. Multivariate linear regression models were built to analyze the influence of the FR, angle, BMI, week of gestation at the ultrasound examination, and breech presentation on the PSV and PI measurements. Multivariate model building was conducted by full-subset variable selection based on the Akaike Information Criterion to include only those covariates into the models that improved the model fit, thus avoiding overfitted models.
Results
A total of 350 healthy fetuses were examined. higher and had higher variability than those in the standard setting. In comparison to the PSV.R values, the PSV and PI measurements of both settings (PSV.O and PSV.S) were higher and had higher variability. In comparison to PI.R.92, the PI measurements of both settings were smaller and had higher variability. Compared to the PI.R.97 values, the PI measurements of both settings had higher variability, but the medians were at a similar location.
The distribution of the intraindividual differences in measurements, PSV.O -PSV.S, PSV.O -PSV.R, and PSV.S -PSV.R, are depicted by box plots in Figure 3 . In most cases (n 5 350) there were positive intraindividual differences between PSV.O -PSV.S (n 5 298 [85%]); the median difference was 3.4 cm/s (1-sample Wilcoxon test, P < .001). Furthermore, both the PSV.O and PSV.S measurements differed noticeably from the PSV.R; the medians of the intraindividual differences for PSV.O -PSV.R and PSV.S -PSV.R were 7.2 cm/s (P < .001) and 2.7 cm/s (P < .001), and the percentages of positive differences were 84% and 57%, respectively.
A scatterplot of the PSV.O and PSV.S measurements during the course of pregnancy is shown in Figure  4 . A clear positive correlation between the PSV values and the gestational age was observed, with Spearman correlations of 0.88 (P < .001) for PSV.O and 0.87 (P < .001) for PSV.S. Since the scatterplot suggested a quadratic relation, the medians of PSV.O and PSV.S were modeled as functions of the squared gestational week (GW): median (PSV.O) 5 11.829 1 0.040 3 GW 2 and median (PSV.S) 5 11.100 1 0.036 3 GW 2 . For all gestational ages, the median of the PSV.O was larger than the median of the PSV.S, and the difference increased with advancing gestational age. Likewise, the differences between our median curves and the reference median curve of Mari et al 11 increased with a greater gestational age.
The box plots in Figure 5 show the distributions of the paired intraindividual differences between PI.O, PI.S, PI.R.92, and PI.R.97. Most of the 350 intraindividual differences of PI.O -PI.S were positive (n 5 218 [62%]), and the median of the differences was 0.13 (P < .001).
In the optimized as well as the standard setting, the PI values were systematically lower than the reference values PI.R.92 values; the medians of the intraindividual differences for PI.O -PI.R.92 and PI.S -PI.R.92 were -0.3 (P < .001) and -0.4 (P < .001), respectively, and the percentages of negative intraindividual differences were 70% and 80%. On the other hand, the PI values of both settings were systematically higher than the reference PI.R.97 values; the proportions of positive differences were 63% for PI.O -PI.R.97 (median, 0.17; P < .001) and 52% for PI.S -PI.R.92 (median, 0.02; P < .028). For late gestational weeks, the resulting median estimates of PI.O and PI.S were quite similar to the reference median values of Mari et al 15 and Schaffer and Staudach (personal communication, 1997). For early gestational ages, however, the differences between our median estimates and the reference medians were considerable, although our median estimates lay between these reference curves.
To assess the impact of the FR, angle, week of gestation, breech presentation, and BMI on the MCA measurements, a multivariate linear regression model was built for the MCA variables PSV.S, PSV.O, PI.S, and PI.O. Model building was conducted by Akaike Information Criterion-based full-subset variable selection to prevent model overfitting. Hence, each model included only those covariates that were found to be relevant for the respective MCA variable. The estimated coefficient of each covariate provides an assessment of the changes to the respective MCA variable when the covariate is changed by 1 unit ( Table 2 ). The only factor that was observed to have a noticeable impact on PSV.S was the week of gestation. Furthermore, there was a weak relationship between the PSV.O and FR but a noticeable relationship between the PSV.O and week of gestation. For PI.S, only the FR was found to be an influential factor. Weak relationships between the PI.O and angle and week of gestation were found, and the model suggests that the PI.O measurements are slightly smaller in cases of breech presentation. It is noticeable that the BMI was not found to have a relevant influence on any of the MCA variables PSV.S, PSV.O, PI.S, and PI.O. In 
Discussion
To our knowledge, this study is the first to show that measurement of the PSV and PI of the MCA with a high temporal resolution and optimized setting results in higher values than the conventional method. In addition, the measurement results for both preset values were greater than the established reference values. Noticeable correlations between the PSV and PI measurements and the angle, breech presentation, and BMI were not observed. In the past, there have been numerous studies and recommendations on the value of Doppler measurement of the PSV and PI of the MCA. For high-risk pregnancies with fetal anemia, IUGR, or twin-twin transfusion syndrome, a Doppler ultrasound examination of the MCA is recommended. [1] [2] [3] [4] [5] [6] [15] [16] [17] A valid measurement of the Doppler parameters of the MCA is of great importance for the calculation of ratios (eg, the cerebroplacental ratio of IUGR fetuses), as in these cases, even minor inaccuracies can seriously affect the outcome. 18 The technical implementation of a Doppler ultrasound examination of the MCA is described in current recommendations. 9, 10, 19 The practice guidelines of the International Society of Ultrasound in Obstetrics and Gynecology recommend placing of the Doppler measurement window close to the origin of the MCA in the arterial circle of Willis in an axial plane. In addition, the measurement should be performed without pressure on the fetal head and without angle error. However, no provisions are given for adjusting the Doppler presets. 10 The correct placement of the Doppler measurement Wibbeke et al-Fetal Cerebral Artery: Doppler Preset Settings window, the optimal measurement plane, and the measurement without angular error for diagnosis and management of fetal anemia and IUGR are described in the clinical guidelines of the Society for Maternal-FetalMedicine. 9, 19 In the current recommendations, there is no information pertaining to technical adjustment of the Doppler presets. The measurement results for the PSV and PI are dependent on the temporal resolution of the Doppler ultrasound examination. The current device technology allows changes to the preset setting of the Doppler examination. To optimize the temporal resolution of the Doppler measurement, it is necessary to set the scan range as narrow as possible and to present the course of the MCA by maximum enlarged high-definition zoom. In addition, a minimum color Doppler box width leads to a further optimization. Our study provides clear indications that the optimized setting of the Doppler presets leads to a higher FR (corresponding to a higher temporal resolution) and thus to higher PSV and PI values.
To our knowledge, no data have been published regarding the influence of the temporal resolution of the Doppler technology on the measurement of the MCA. 11, 15, 20, 21 Publications from the last 20 years only used the established reference curves despite the immense progress of ultrasound technology within this period. 11, 15, 20, 21 An update of the reference curves should be discussed, as the Doppler ultrasound measurement with modern technology and a high FR enables more accurate detection of blood flow peak speeds. This capability is in line with our results demonstrating increased values for the PSV and PI in comparison to the established reference curves. A standardization of the MCA measurement determining a minimum required FR and describing adjustment of the Doppler presets is feasible. The width of the scan range, the use of highdefinition zoom, and the width of color Doppler box should be optimized in the future, and in consequence, adjusted reference curves should be established.
In current recommendations and publications of reference curves, the influence of an unfavorable fetal position and maternal BMI on measurement of the MCA is indicated. 9, 10, 15, [19] [20] [21] In our study, we did not detect any impact of these parameters on the measurement results.
One limitation of our study was that it was a crosssectional study. To increase the validity, longitudinal data collection would be necessary. However, the advantages of our study were the high number of cases and the collection of data within a connected sample.
In summary, in our study, the PSV and PI measurements of the MCA with optimized Doppler presets were increased in comparison to the commonly used measurement techniques. As a consequence, our median curves differed from the established median reference curves. We therefore recommend an update of the reference curves and a standardization of the MCA measurement technique.
